The solution structure of a synthetic DNA mini-hairpin possessing a stilbenediether linker and three G:C base pairs has been obtained using 1 H NMR spectral data and constrained torsion angle molecular dynamics. Notable features of this structure include a compact hairpin loop having a short stilbene-guanine plane-toplane distance and approximate B-DNA geometry for the three base pairs. Comparison of the electronic spectra of mini-hairpins having one-to-four G:C base pairs and stilbenediether or hexamethyleneglycol linkers reveals the presence of features in the UV and CD spectra of the stilbene-linked hairpins that are not observed for the ethyleneglycol-linked hairpins. Investigation of the electronic structure of a stilbene-linked hairpin having a single G:C base pair by means of time-dependent density functional theory shows that the highest occupied molecular orbital, but not the lowest unoccupied molecular orbital, is delocalized over the stilbene and adjacent guanine. The calculated UV and CD spectra are highly dependent upon hairpin conformation, but reproduce the major features of the experimental spectra. These results illustrate the utility of an integrated experimental and theoretical approach to understanding the complex electronic spectra of π-stacked chromophores.
Introduction
Hairpin structures consisting of a loop region connecting a base-paired stem are one of the fundamental structural motifs of nucleic acids. 1, 2 The structure and stability of DNA and RNA hairpins is dependent upon the base sequence of both the loop and stem regions. Mini-hairpins possessing as few as two canonical Watson-Crick base pairs have been prepared using both trinucleotide and synthetic loops. Hirao and co-workers have investigated the mini-hairpins formed by 5′-d(G:CGAAG: C) and related oligonucleotides and find that they form stable, compact structures having two G:C base pairs. 3, 4 We have reported the synthesis and X-ray crystallographic structure of a synthetic hairpin having a stilbenediether (Sd) linker (5′-G(BrU)-TTTG-Sd-CAAAAC), which has a compact loop region and a base paired B-DNA stem. 5, 6 Sd-linked mini-hairpins possessing 2-6 A:T base pairs display circular dichroism (CD) spectra characteristic of B-DNA; however the CD spectrum of a Sdlinked hairpin possessing three G:C base pairs is similar to that of G-C rich duplexes that adopt Z-DNA structures. 7 Our interest in the stepwise evolution of the structure and electronic properties of DNA base pairs 8, 9 led us to investigate synthetic mini-hairpins possessing G n -C n base paired stems connected by synthetic Sd and hexaethylene glycol (EG) linkers (Chart 1 and 2). We report here the solution structure of the mini-hairpin 5′-CCC-Sd-GGG (Sd-3), as determined by 1 H NMR spectroscopy and the UV and CD spectra of both Sdand EG-linked mini-hairpins. The solution structure of 5′-CCCSd-GGG has a compact loop region and a B-DNA stem, in which the base pairs are underwound. The EG-linked hairpins possessing two or more base pairs display CD spectra similar to those of other short poly(G)-poly(C) duplex sequences. However, the Sd-linked poly(G)-poly(C) mini-hairpins display anomalous CD spectra with a strong negative band near 285 nm, which is present even in the case of the conjugate possessing a single G:C base pair. The electronic structure and spectra of the Sd-1 hairpin have been investigated using time-dependent density functional theory(TDDFT). The HOMO of this hairpin is found to be delocalized over the stilbene and adjacent guanine, as previously observed for Sd-linked hairpins with adjacent A-T base pairs by Beljonne et al. 10 The calculated CD spectrum of Sd-1 and, to a lesser extent, its UV spectrum are found to be highly dependent upon molecular conformation. The spectra calculated using structures derived from NMR and molecular dynamics reproduce the major features of the experimental spectra. These results provide the first application of an integrated experimental and theoretical approach to understanding the structure-dependence of the electronic interactions and spectra of simple systems involving DNA-base pairs.
Experimental Section
Materials. The preparation of trans-N,N′-bis(3-hydroxylpropyl)stilbene-4,4′-diether and its conversion to the monoprotected, mono-activated diol by sequential reaction with 4,4′-dimethoxytrityl chloride and with 2-cyanoethyl diisopropylchlorophosphoramidite have been elsewhere described. 7 The EG linker was prepared using DMT-protected phosphoramidites purchased from Glen Research (Spacer 18). Hairpin sequences were synthesized by means of conventional phosphoramidite chemistry starting from 3′-phosphate CPG as solid support using a Millipore Expedite DNA synthesizer and following the procedure of Letsinger and Wu. 11 Following synthesis, the conjugates were isolated as trityl-on derivatives by reverse phase (RP)-HPLC, detritylated in 80% acetic acid for 30 min, and repurified by RP-HPLC as needed. RP-HPLC analysis was carried out on a Dionex chromatograph with a Hewlett-Packard Hypersil ODS-5 column (4.6 × 250 mm) and a 1% gradient of acetonitrile in 0.03 M triethylammonium acetate buffer (pH 7.0) with a flow rate of 1.0 mL/min. Molecular weights were determined following desalting by means of MALDI-TOF mass spectroscopy (Table 1) .
UV and CD Spectra. UV spectra were obtained using a Perkin-Elmer Lambda 2 UV spectrophotometer equipped with a Peltier sample holder and a temperature programmer for automatically increasing the temperature at the rate of 0.5°C/ min. Spectra were measured for aqueous solutions of 3-5 µM conjugate in 5 mM lithium phosphate buffer (pH 7.05) in 1 cm path length quartz cells using single scan with a scan speed of 120 nm/min. Circular dichroism spectra were obtained using a JASCO J-715 Spectropolarimeter for aqueous solutions of 3-5 µM conjugate in 5 mM lithium phosphate buffer (pH 7.05) in 1 cm path length quartz cells. Spectra were obtained from the sum of five scans over the 200-400 nm wavelength range with a scan speed of 100 nm/min, a bandwidth of 2.0 nm, and a response time of 2 s. The spectra were corrected by subtraction of a background scan obtained for the buffer solution. UV and CD spectra recorded in 10 mM sodium phosphate buffer (pH 7.2) with 150 mM NaCl were identical to those recorded in lithium phosphate buffer.
NMR Spectra and Structure Generation. Samples of 5′-CCC-Sd-GGG used for NMR experiments were first lyophilized four times from aqueous NH 4 Distance restraints were derived by integration of NOESY cross-peaks of the spectrum at a mixing time of 300 ms. The intensities were calibrated on known distances, such as the H5 and H6 of cytosine and divided in classes of strong (2.5 Å), medium (3.0 Å) and weak (3.5-4.5 Å). The distances were entered as constraints with boundaries of (0.5 or 1.0, depending on the quality of the cross-peak. Isochronous protons of the stilbene were treated with pseudoatom approach, using the averaging function "sum", rather than the geometric center pseudoatom approach, employed for diastereotopic protons from the deoxyribose residues.
The imino proton signals observed in spectra acquired in H 2 O/ D 2 O showed the characteristic chemical shifts of protons engaged in hydrogen bonding within Watson-Crick base pairs. Thus, base pairing constraints (hydrogen bonding and base pair planarity) were introduced in the molecular dynamics calculations, using the default values of the program CNS. 12 The NOESY cross-peaks between protons of neighboring nucleotides are those expected for an undisrupted B-form duplex. Further, all the 3 J (H1′/H2′) coupling constants, derived by P.E.COSY, have values of 8 ( 1 Hz, typical for the 2′-endo conformation. 13 On the basis of this information, constraints for the backbone dihedral angles were entered for B-form DNA, as described in the literature (boundaries of (20°). 14 Topology and parameter files for the molecular dynamics calculation were generated using the X-PLOR files for DNA, 15 modified for the stilbene residue. The additional values for the stilbene-bridge were derived by an X-ray crystal structure 6 and implemented with the help of XPLO2D. 16 The two covalent bonds from the stilbene residue to the terminal C-G-base pair were created using the X-PLOR input file "generate.inp". Restrained molecular dynamics calculations were performed in CNS version 1.0 with the torsion angle molecular dynamic protocol. 17 Statistical data for the lowest energy structures are summarized in Table 2 . The structures were improved by visualizing and detecting the restraints in VMD-X-PLOR 18 and via back-calculated NOESY spectra, generated in GIFA. 19 Isochronous protons of the stilbene moiety appear at the same chemical shift. Therefore these constraints for the structure calculation were used as ambiguous in the structure calculations.
CHART 2: Structures of Sd-and EG-linked Mini-hairpins
Calculations. In order to calculate the absorption and CD spectra of the hairpin with only one G:C base pair (Sd-1), we have performed molecular dynamics simulations at 300 K similar to those described previously, 9 using the Amber 8 package. 20 Simulations were run for 2.0 ns after minimizing structures generated from ideal B-DNA parameters. During the final 1.5 ns, the root-mean-squared-deviation (RMSd) from the averaged structure obtained during the first 0.5 ns was monitored to ensure that the system had reached equilibrium. Snapshots taken at least 5 ps apart were used to calculate UV and CD spectra using the ADF density functional package. [21] [22] [23] Time-dependent density functional theory (TDDFT) calculations were performed using a triple-plus polarization (TZP) Slater basis set, and the XC functional employed was SAOP, 24 which is an asymptotically correct functional and, as such, will yield correct excitation energies for states that have substantial Rydberg character. This is important because of the need to converge a large number of excited states. Spurious low-energy charge transfer states do not seem to constitute a problem due to the small size of the system and the fact that π-π stacking guarantees orbital overlap between stilbene and base pair. The DFT calculations were performed neglecting the backbone structure and filling the valences with hydrogen atoms, since the backbone is expected to absorb below 180 nm and not in the low-energy spectral region in which we are interested. Solvation is expected to shift the spectral peaks slightly 25 and thus was not included. As a test of this assumption, spectra for stilbene were calculated using a continuum solvation model (COSMO) 26 and the solvent shifts were found to be on the order of 0.1 eV. Due to error compensation in the DFT calculations, the energy of peaks in the base pair region is very close to the experimental results without the inclusion of solvation.
Results and Discussion
Solution Structure of Hairpin Sd-3. The sequence 5′-CCCSd-GGG (Chart 2, Sd-3) has previously been reported to form a stable base-paired hairpin structure having a melting temperature > 80°C, as determined from the 260 nm thermal dissociation profile. 7 One-and two-dimensional NMR spectra are consistent with the presence of a single major conformation. Two conformers only differing in the position of the ethylene unit (flipped by 180˚) were derived. The 15 lowest energy violation-free structures obtained from restrained molecular dynamics calculations are shown in Figure 1 . The averaged structure of Sd-3, as viewed from the side and perpendicular to the Sd molecular plane, is shown in Figure 2 . The hairpin loop is compact, having an average stilbene-to-G:C plane-to-plane distance of 3.0 ( 0.2 Å. This value is shorter than the 3.25 ( 0.1 Å plane-to-plane distance in Egli's crystal structure for G(BrU)TTTG-Sd-CAAAAC 6 and significantly shorter than the average 3.4 Å distance between base pairs in B-DNA. 1 The view perpendicular to the stilbene plane (Figure 2b) shows a sandwich-like geometry for stilbene and guanine, but little overlap with cytosine. The linkages formed by the two flexible ethylene diether connectors are also different, the extended linkage to the 5′-guanine having an anti conformation and the compact linkage to the 3′-cytosine having a gauche conformation. Both of the ethylene units in Egli's crystal structures adopt gauche confomations, as is typical for poly-(ethylene oxides). 6 The stem region of Sd-3 adopts a right-hand helical geometry with "normal" B-DNA stacking distances between adjacent base pairs. However, the average twist angle is ∼41°, somewhat larger than the average value of 36°for B-DNA. It is possible that torsional strain in the compact loop structure results in overwinding of the base pair stem.
The π-stacking interaction between the stilbene and adjacent G:C base pair in Sd-3 is similar to that of a trimethoxystilbene modified DNA duplex in which the stilbene moiety is 5′-tethered to the 5′-terminal thymine of a self-complementary oligonucleotide. 27 This duplex adopts two conformations related by a 180°f lip of the stilbene which differ in the orientation of the stilbene ring system relative to the adjacent A:T base pair. By contrast, the position of the stilbene is invariant in the 15 lowest energy structures of Sd-3. The average twist angle for the end-capped duplex is 39°, intermediate between that for Sd-3 and 36°.
Ultraviolet Spectra. The ultraviolet spectra of the minihairpins are shown in Figure 3 . The spectra of the Sd-linked hairpins display a long-wavelength absorption band at 327 nm assigned to the stilbene π,π* transition and a shorter wavelength band assigned to the overlapping absorption of the stilbene and nucleobases. 7 Only the shorter wavelength band is present in the spectra of the EG-linked hairpins. The shape of the 260 nm band is dependent upon the number of bases in the conjugate structure, the 275 nm shoulder which is clearly resolved in the spectrum of guanine becoming weaker as the number of bases increases. The 260 nm UV intensities of the Sd-and EG-linked conjugates change only slightly upon heating from 5 to 90°C, as previously reported for Sd-3. 7 Quantum chemical calculations of the electronic coupling between the Sd hairpin linker and an adjacent A-T base pair have previously been reported by Beljonne et al. 10 In accord with their description of the highest filled orbitals, we find partial delocalization of the HOMO Sd-1 on guanine (Figure 4 ) and of the HOMO-1 on stilbene (the LUMO is localized on stilbene), assuming a structure for Sd-1 based on the NMR derived structure for the linker and adjacent G-C base pair of Sd-3. There is a lesser degree of delocalization and more pronounced dependence on the structural parameters in our calculations for Sd-1 than in the calculations of Beljonne et al. 10 The calculated absorption spectra of Sd-1 obtained using the NMR-derived structure for the linker and first G:C base pair and for an average of 28 snapshots obtained from the last 1.5 ns of the molecular dynamics simulations of the structure are shown in Figure 5 . The calculated spectra underestimate the absorption frequency of the Sd linker, resulting in a red shift of its spectrum by roughly 0.4 eV, compared to the experimental result ( Figure  3 ). We attribute this partially to the fact that we are using a pure density functional, but also to the tendency of DFT to "overdelocalize" electrons in an extended conjugated system. The description of the Sd absorption is somewhat worse than that of the base pairs, whose absorption spectra are relatively well represented by DFT. 28 Circular Dichroism Spectra. The CD spectra of the Sd-and EG-linked hairpins are shown in Figure 6 . The spectral band shapes of EG-2 and EG-3 are similar in appearance to those reported for the self-complementary poly[d(G 2 C 2 )] and poly-[d (G 3 C 3 ) ], respectively, when corrected for the contributions of [d(G:C)] steps. 29 As a test of our computational methodology, we have calculated the CD spectrum for two G:C base pairs having an ideal B-DNA geometry. The results shown in Figure  7 are in good agreement with the experimental spectra of EG-2 and EG-3. Since the calculated spectra are sensitive to conformation, this suggests that the EG-linked hairpins have conformations very close to that of B-DNA and that conformational fluctuations average to zero.
The CD spectra of hairpins Sd-1-4 ( Figure 6a ) are anomalous in that they display a negative band between 280 and 284 nm, a region for which poly[d(G n C n )] duplexes and the hairpins EG-2,3 display weak positive bands (Figure 6b ). Furthermore, a negative 284 nm band is observed even in the case of Sd-1, which possesses a single G:C base pair. However, this band is not present in the conjugate 5′ G-Sd-C which has reversed polarity or in 5′ Sd-G or 5′ Sd-C which lack a base pair. 19 As the number of G:C base pairs increases, the intensity of this band increases, as does that of the positive 260 nm band, which is similar in band shape and intensity to that of the EG-2,3 hairpins. Negative bands in the 280-300 nm region have been observed for Z-form poly[d(G n C n )] at high salt concentration. 30 However, the 1 H NMR spectra of Sd-3 clearly establish that it adopts a B-form structure in dilute solution.
We have calculated the CD spectra of Sd-1 both for a single geometry obtained from the NMR-derived structure and for the average of 28 snapshots derived from the last 1.5 ns of the MD simulations. As seen in Figure 8 , the calculated CD spectra correctly reproduce the main features seen in the experimental spectrum of Sd-1, namely the negative peak at 280 nm and positive peaks at 310 and 260 nm, although the agreement is not perfect due to the flexible nature of the system. Better agreement of calculated and experimental spectra in the highenergy region (200-320 nm) is obtained by averaging over multiple snapshots. The level of averaging was found to be important, as there is considerable variation in the CD spectra with structure. In the low-energy region (320-400 nm), where the oscillator strength of the stilbene is concentrated, many strong peaks of opposite signs tend to cancel each other, so it is difficult to converge the average over configurations. It appears that further averaging will lead to better agreement with experiment, but since this region of the experimental spectra is not particularly interesting, we did not pursue this further.
Concluding Remarks
Previous studies of mini-hairpins with non-nucleotide linkers have employed either mix-base stems or poly(A)-poly(T) Figure 5 . UV spectra calculated for the Sd-1 hairpin using a single structure derived from the NMR structure of Sd-3 and from the average of 28 snapshots. stems. 11, 31, 32 The present study establishes for the first time the formation of stable Sd-and EG-linked mini-hairpins having short G:C base paired stems. The absence of distinct melting transitions prevents direct comparison of the stability of Sd-vs EG-linked hairpins. However, we have found that Sd-linked hairpins having poly(A)-poly(T) stems are more stable than their EG-linked analogs. 33 The structure derived from NMR and molecular dynamics calculations for Sd-3 establishes that it adopts a hairpin structure with a B-DNA stem, rather than forming a duplex between two self-complementary 5′-d(CCC-Sd-GGG) conjugates. A duplex structure would be expected to display strong exciton-coupled CD bands for the adjacent stilbene chromophores, which is not observed for Sd-3. 9 A similar preference for hairpin vs duplex structures has been observed for Sd-linked hairpins having poly-(A)-poly(T) stems. 7 The exceptional stability of the Sd-linked mini-hairpins is most likely a consequence of their highly compact loop regions. The distance between the Sd linker and proximate G:C base pair in Sd-3 is 3.0 ( 0.2 Å, substantially shorter than the average 3.4 Å rise for B-DNA. 1 The short stacking distance and extensive overlap between the Sd and guanine π-surfaces are also responsible for the anomalous CD spectra of the Sd-linked hairpins Sd-1-4. We have employed density functional theory to investigate the electronic interactions in hairpin Sd-1 and its absorption and CD spectra. These calculations accurately reproduce the main features of the spectra, although the intensity of some peaks tends to be too large. Averaging over multiple conformations may be necessary in order to obtain better agreement of experimental and calculated spectra. It is interesting to note that the calculated CD spectrum obtained using B-DNA parameters for this hairpin provides a poor match for the experimental spectrum. This suggests that structural details are very important.
The TDDFT calculations also establish that exciton coupling between nucleobases and adjacent chromophores can have a significant impact on the appearance of the UV and CD spectra. This is an encouraging result, suggesting that TDDFT calculations may be applied to larger systems, provided that an averaged or lowest energy structure is available. Exciton coupling interactions between chromophores and base pairs were neglected in our earlier studies of exciton coupling interactions between stilbenediamide chromophores in capped hairpin and dumbbell structures. 9, 34 The CD spectra of these systems in the long-wavelength region (300-400 nm) are described well by an analytic model in which B-DNA structural parameters were used. 9 In that case, the chromophores were separated by base pairs, and their coupling was probably less sensitive to the detailed variation of all the structural parameters.
